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. My Perspective on Fusion
| Il. Billiard Balls & Chaos Theory

~ llIl. Physical picture of instabilities in

: toroidal magnetic fields driven by
effective-gravity / bad-curvature, based
on inverted-pendulum and Rayleigh-
Taylor analogies.

Candy, Waltz (General Atomics)
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Need to aggressively pursue a portfolio of
alternative energy in the near term (10-30 years)

Needed to deal with global warming, energy independence, & economic issues

» improved building & transportation efficiency

* plug-in hybrid vehicles

* wind power

« concentrated solar

* photovoltaic

» storage (hourly, daily, monthly, seasonal)

 clean coal with CO2 sequestration

» synfuels+biomass with CO2 sequestration

 fission nuclear power plants (if reprocessing avoided)

However, there are uncertainties about all of these energy sources: cost, quantity,
intermittency, storage, side-effects. Storage cost to handle occasional lack of wind for
several days (even on continental scales), and seasonal variation. Energy demand
expected to > triple throughout this century as poorer countries continue to develop.

Because of major uncertainties, particularly on the longer time scale (>30 years), need
to explore fusion. One of the few long-term reliable (non-intermittent) energy sources.



My perspective on fusion:

* Fusion energy is hard and it will take a lot of time, but
it’s an important problem, we’ve been making progress, and there are
interesting 1deas to pursue that could make 1t more practical



D-T fusion reaction rate coefficient
versus plasma temperature T
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[Lawson Criterion for Practical Fusion

Fusion Power Output Pro
Useful figure of merit: ratio of p __* fusion

Heating Power to Sustain Plasma  Peating

Fusion Power Output = Vngn:(ov) (17.6 MeV / fusion event)

w V%(ne + ng +ny)T

Heating Power to Sustain Plasma =
TE TE

T = average “Energy confinement time”

Pusion V ZTZC
! ~ e =X0, TLTTE

Pheating VnT/TE N~
“Fusion Triple Product”



Fusion Gain Q

Fusion Power Out

Fusion Gai =
usion Gain External Heating Power In

But some of the heating power to sustain the plasma can be provided by
energetic alpha particles created by DT fusion — 14 MeV neutron + 3.5 MeV
alpha particle

Q o Prusion o CnTTg
B Pheating — %Pfusion 1 CnTTE/5

(Q = infinity = “ignition”, where no external heating power needed and fusion self-heating is
enough. Don’t need ignition for practical fusion, Q ~ 5-20 is sufficient (including recirculating
power for pumps, magnetic cooling, etc.).)



The Lawson Criterion

 For fusion we need to get

a. enough particles at a pT > 8 atm-sec
b. high enough temperature

. fi | h ti ini
¢. for a long enough time Condition for self-sustaining D-

to fuse. T reaction (“ignition”):

 Fusion requires T = 15 keV ,

o alpha heating rate = plasma
(100 Million degrees). energy / energy loss time

* Fusion requires n = 10?" m-3

consten?2T2=3nT/
(1 Million times less dense than air). *

* This means we need t =1 — 10 sec

Without a magnetic field, a 15 keV deuteron would escape JET tokamak in 10 s.
With magnetic field, JET gets ~10° better, larger ITER will be ~10° better.
Would like another factor of ~1.5, to allow a smaller machine.

(from Prof. Anne White)



Improving Confinement Can Significantly
| S1ze & Construction Cost of Fusion Reactor

Well known that improving confinement & f can lower
Cost of Electricity / kWh, at fixed power output.

Even stronger effect if consider smaller power:
better confinement allows significantly smaller
size/cost at same fusion gain Q (n77;).

Standard H-mode empirical scaling:
1y ~ H 093 p-0.69 B0.15 R1.97
b

(P = 3VnT/t; & assume fixed nTt; qys5, Sy, B/NGreenwaid):

$ ~ R2 ~ ]/(H4.8BS.4)

Relative Construction Cost

ITER std H=1, steady-state H~1.5
ARIES-AT H~1.5

Need comprehensive simulations to make case for
extrapolating improved H to reactor scales.

(Plots assumes cost o< R? roughly. Includes constraint on B @ magnet with ARIES-AT
1.16 m blanket/shield, a/R=0.25, i.e. B = B, (R-a-azg/R. Neglects current drive issues.)
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Interesting Ideas To Improve Fusion

* New high-field superconductors (MIT). Dramatic reduction in size & cost (x1/5 ?)

* Liquid metal (lithium, tin) coatings/flows on walls or vapor shielding: (1) protects solid
wall (2) absorbs incident hydrogen ions, reduces recycling of cold neutrals back to
plasma, raises edge temperature & improves global performance. TFTR found: ~2
keV edge temperature. NSTX, LTX: more lithium is better, where is limit?

* Spherical Tokamaks (STs) appear to be able to suppress much of the ion turbulence:
PPPL & Culham upgrading 1 --> 2 MA to test scaling

* Advanced tokamaks, alternative regimes (reverse magnetic shear / “hybrid™),
methods to control ELMs, higher plasma shaping, advanced divertors.

* Tokamaks spontaneously spin: reduce turbulence & improve MHD stability. ITER
spins more than previously expected? Up-down-asymmetric tokamaks/stellarators?

* New stellarator designs, room for further optimization: Hidden symmetry discovered
after 40 years of fusion research. Fixes disruptions, steady-state, density limit.

* More speculative concepts: RFPs, FRCs, ...

* Robotic manufacturing advances: reduce cost of complex, precision, specialty items o



Improved Stellarators Being Studied

Originally invented by Spitzer ("51), the unique idea when fusion declassified (’57)

Mostly abandoned for tokamaks in ’69. But computer optimized designs now much
better than slide rules. Now studying cost reductions.

Hidden quasi-symmetry discovered in late 90’s: don’t need vector B exactly symmetric
toroidally, |B| symmetric in field-aligned coordinates sufficient to be as good as tokamak.

Magnetic field twist & shear provided by external coils, not plasma currents, inherently
steady-state. Stellarator expts. can exceed Greenwald density limit, no hard beta limit &
don’t disrupt. Princeton Quasar design + high B coils leads to much smaller stellarator?

Front view

~$1B W7-X stellarator starting up in Germany,
grad student opportunities




Progress in Fusion Energy
has Outpaced Computer Speed
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Some of the progress in computer speed can be attributed to plasma science.

ITER goal to produce 200,000 MJ/pulse (~300 MW), 107 MJ/day of fusion heat).
NIF goal to produce 20 MJ/pulse (and /day) of fusion heat.



Fusion Research Has Never Received Budget

Needed To Fully Developed It
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Plot from R.J. Goldston in 2003
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Fusion Research Has Never Received Budget

Needed To Fully Developed It
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The fusion program should do the best it can with the funding
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available to learn about fusion, find ways to improve it and

bring down its cost. Aim to provide the scientific basis for a

larger funding initiative someday to fully develop it.

~$80B total development cost is tiny compared to >$100 Trillion energy
needs of 21st century & potential costs of global warming. Still 67:1 payoff
after discounting 50+ years if fusion is just 10% cheaper than best
environmentally acceptable alternative. Goldston IAEA 2006
http://www-naweb.iaea.org/napc/physics/fec/fec2006/html/node132.htm

Plot from R.J. Goldston in 2003



A brief intro to Chaos theory

16



How.«:] _S‘(';w Ae | St’sfims S are claoke

Frceflondess billiard bols ouw o bl ard

ﬁu(p)(l [M*C(‘M_I‘OIL\ kroardm—\ — Johan anj
' Univ. of Co.(ol"&.(o,j

= VRN /\\
\/< A RN RCC“&U\&&ALM (‘u\o,(.e
/ \/ N\ \
// 7N t \\ .
s/ // T s \ b -—Peaula_r o bt B
N Vg
\// ,, \\ ',
e e

ball s restricked Lo ;Gaumlluj L

oune a{ 4 A irebions

Billiard chaos slides from
Charles Karney, PPPL (~1993)



Stort oo balls close KXo ecact. 2Xeer

C(b nale wﬂcs (3ng bel‘w’QQk baas )

Sedpar.&il\« o—F b atls 3”“” sloafcj
Two c,aa.saud—eflshéj o«f réaul,au o dionm

@  mokin. IS reséricted

© errors  gres S‘)@D«J'é‘j

— bredicdion is possible

(for a fairly long time)



Take o bike' out of Lobl

males wob i Crrejq,(a-f
Two Mo(-.zrfsﬁés vfl CH"qulzu‘ POREY S0 TN

® no P?S‘z}c‘cf';.ob\ P v W\OH?‘" —
eversy poiwf- (s wvisctel of every LAJZQ
@ errors Jrsw c{%f@!’-% (_er’Oy\Q-vﬁd-‘alj)
~ grrors (<w (nckad ﬁ'qeiceme,,{- a.r‘
waewrtaness of sarface ) -eu‘g.,‘_,‘_g*aj,(‘,’

-SW”LM-}D Ag paphion

-“Uonj ‘tef‘W\) Pf‘&iicf\'lom ts '\MPOSSI'lOlQ



Tlhe gqrowtl of errors (s ey rapid

—Fr(d‘fimles_c Lrilleard Aobde wilh  Severad

c,oUidimf] ball s

-ov/\0—>
'

Kmow.‘wﬁ cucki oL }903[1‘3%1 gandk Asf"el‘ of
b a s tﬁj Zo f:re.lic,(- - tmecr /ao.n'h'oug
{

o fler severad  collisisns,

THLS (S 101 poss (e !



(see W.N.Bercy, 'a Topics ia Nealiaear .DWO‘NIC_.S'
s. Joewa, Ed., (ATP, [q'zg)).

Suppose Yo friead outers Ao roown £
obrery/e N Qxéeriw\ew(“,

He will gravitobionally attract o
bidliord b alls

@,

D,

/©.

/ \

>k This Nc‘/a C-O\M.Ptﬂi'lcy alfFer /ﬁ\w ot

‘l{\l&f oboct (O collisibns,

" PR [ N .

The S Q‘ng,j- (F.r-c,‘fcw(: W €a frar -fnremsl‘s

e boyond alrout ( week. _

| )k' Hmewock v Prove %-‘sl. Hl‘é\‘\’s ‘-@Gr&vi"ra“‘\OAq\ Constant
' G = 6.7 *IO’“ Newtena —mz/ka" @ C_Msider all 66.”,5
Lixed except fr- ome ,@ Dot tvy b be precise, Just
3(} order -o‘F' M&Jvii'\vde e,'f" QC"S + Scalwlj...




Consider a large collection of air molecules at room temperature and pressure. Can
show that the gravitational force due to an electron located at the edge of the universe is
enough to make the trajectories completely different after about ~60 collisions.

Exercise 5.1 in Statistical Mechanics summary chapter of

T. Padmanabhan, Theoretical Astrophysics, Vol. I: Astrophysical Processes.


hammett
Consider a large collection of air molecules at room temperature and pressure.   Can show that the gravitational force due to an electron located at the edge of the universe is enough to make the trajectories completely different after about ~60 collisions.  

Exercise 5.1 in Statistical Mechanics summary chapter of 

T. Padmanabhan, Theoretical Astrophysics, Vol. I:  Astrophysical Processes.


The Butterfly Effect 17
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How TWO WEATHER PATTERNS DIVERGE. From nearly the same starting
point, Edward Lorenz saw his computer weather produce patterns that
grew farther and farther apart until all resemblance disappeared. (From
Lorenz’s 1961 printouts.)
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The Butterfly Effect 23

practical purposes, the cycles would be predictable—and even-
tually uninteresting. To produce the rich repertoire of real earthly
weather, the beautiful multiplicity of it, you could hardly wish
for anything better than a Butterfly Effect.

The Butterfly Effect acquired a technical name: sensitive de-

pendence on initial conditions. And sensitive dependence on in-

itial conditions was not an altogether new notion. It had a place
in folklore:

r“For want of a nail, the shoe was lost;
For want of a shoe, the horse was lost;
For want of a horse, the rider was lost;
For want of a rider, the battle was lost;
For want of a battle, the kingdom was lost!”’ |
B ,
In science as in life, it is well known that a chain of events
can have a point of crisis that could magnify small changes. But
chaos meant that such points were everywhere. They were per-
vasive. In systems like the weather, sensitive dependence on
initial conditions was an inescapable consequence of the way
small scales intertwined with large.

Quete Srom @Qorﬁe Herbect <l5q3—[633)

Quoted 1w J . Gleid _(;L\Aog'Lquiuj a New Science ,
(Viking , New York, L287)




J.C. Maxwell, Matters and dynamics (1877):

"There is a maxim in studying the physical phenomena, that is, 'Same phenomena result
in same." This is true in all cases.

And there is another maxim, 'Similar phenomena result in similar.' This is appropriate for
many phenomena too, but not all.”
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Next: An Intuitive picture of plasma instabilities driven by “bad
curvature”
-- based on analogy with Inverted pendulum / Rayleigh-Taylor
instability

17



Stable Pendulum

M
~—

F=Mg l w=(g/L)""?

Unstable Inverted Pendulum

(rigid rod) l ™~

L g

w= (-g/|L))"* =i(g/|L|)"* = iy
L Instability

Density-stratified Fluid
p=exp(-y/L)

stable w=(g/L)"?

Inverted-density fluid
= Rayleigh-Taylor Instability

p=exp(y/L)

f

f
v 1

Max growth rate y=(g/L)”

18



“Bad Curvature” instability in plasmas
=~ Inverted Pendulum / Rayleigh-Taylor Instability

Top view of toroidal plasma: Growth rate:

y - 8efr _ /Vf _ Vi
L VRL JRL

Similar instability mechanism
in MHD & drift/microinstabilities

1/L=|Vp|/pin MHD,
oc combination of Vn & VT
in microinstabilities.

plasma = heavy fluid

T~ B="light fluid”
\__/

2
l Jeff = VF centrifugal force

19



The Secret for Stabilizing Bad-Curvature Instabilities

Twist in B carries plasma from bad curvature region
to good curvature region:

PURELY TOROIDAL B TWISTING E

Unstable

AN

)
\ /
\ [ |

Similar to how twirling a honey dipper can prevent honey from dripping.

20



These physical mechanisms can be seen
In gyrokinetic simulations and movies

Unstable bad-curvature

side, eddies point out,
Stable direction of effective
side, gravity
smaller Y

particles quickly move along field {{#
lines, so density perturbations are |
very extended along field lines,
which twist to connect unstable to
stable side

21
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Can repeat this analysis on the good
curvature side & find it is stable.
(Leave as exercise.)

Rosenbluth-Longmire picturg
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An aside to define some tokamak terminology (: used in stellarator literature):

¢ = "rotational transform" (or "twisting rate")

1 . .
g = — = "safety factor" or "inverse rotational transform"
L

(or "inverse twisting rate")

g = # of times a field line goes around toroidally

in order to go once around poloidally
rBtor

" RB,,

Note: older stellarator literature (< ~ late 1990s) defined "iota bar":
+=1/2m)=1/qg

q

q =1.6 in the upper right figure 2 slides back.
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Spherical Torus has improved confinement and pressure
limits (but less room in center for coils)

Good Curvature

Bad Curvature

Magnetic Field Line

/ Spherical Torus (ST)
i

ST max beta ~ 100% (locally,
Tokamak smaller relative to field at coil)

Tokamak max beta ~ 10%
29



These physical mechanisms can be seen
In gyrokinetic simulations and movies

Unstable bad-curvature

side, eddies point out,
Stable direction of effective
side, gravity
smaller Y

particles quickly move along field {{#
lines, so density perturbations are |
very extended along field lines,
which twist to connect unstable to
stable side
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Note: plots such as on the last page make it look like there is extremely large
turbulence in a tokamak. In fact, the relative density fluctuations are quite small,
n/n, ~ 0.1% - 1% in the core region. What is being plotted on the last page are just
the density fluctuations ri(x), because if we tried to plot contours of the total density
n(x) = ny(r) + fi(x), you couldn’ t see the small amplitude fluctuations (see below).

Even with the turbulence, particles are confined a factor of ~10° longer than if there
was no magnetic field, so the tokamak is confining the particles quite well, but we
could improve fusion a lot if we could improve the confinement another factor of 2.
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For low-frequency fluctuations, w << k; v,,, electrons have a Boltzmann
response to lowest order along a field line:

n,(x,t)=C (1) e

(1, 1d9)

zneol\1+T—eO/|

on~n,, &
e0
So contours of density fluctuations are also contours of constant potential,
and so represent stream lines for the ExB drift. (Like stream lines in 2D

fluid flow.) Can illustrate this with a sketch...
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Movie https://fusion.gat.com/theory-wiki/images/3/35/D3d.n16.2x_0.6_fly.mpg from http://fusion.gat.com/theory/Gyromovies
shows contour plots of density fluctuations in a cut-away view of a GYRO simulation (Candy &
Waltz, GA). This movie illustrates the physical mechanisms described in the last few slides. It
also illustrates the important effect of sheared flows in breaking up and limiting the turbulent

eddies. Long-wavelength equilibrium sheared flows in this case are driven primarily by external toroidal beam injection.
(The movie is made in the frame of reference rotating with the plasma in the middle of the simulation. Barber pole effect makes
the dominantly-toroidal rotation appear poloidal..) Short-wavelength, turbulent-driven flows also play important role in nonlinear

saturation.

»&. Sheared
s flows

More on sheared-flow suppression of turbulence later
33



Sheared flows can suppress or reduce turbulence

Most Dangerous Eddies: Sheared Eddies

Transport long distances Less effective Eventually break up
In bad curvature direction

Sheared Flows

[

) 1
Biglari, Diamond, Terry (Phys. Fluids1990),
Carreras, Waltz, Hahm, Kolmogorov, et al.



Sheared ExB Flows can regulate or completely
SUPPress turbulence (analogous to twisting honey on a fork)

A\
=
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Dominant nonlinear interaction
between turbulent eddies and
+0-directed zonal flows.

Additional large scale sheared zonal
flow (driven by beams, neoclassical)
can completely suppress turbulence

Waltz, Kerbel, Phys. Plasmas 1994 w/ Hammett, Beer, Dorland, Waltz Gyrofluid Eqs., Numerical Tokamak Project, DoE Computational Grand Challenge



Rough estimate of Tokamak Turbulent Diffusion

Turbulent eddies (fluctuations of electric fields that cause random ExB mo-
tions) lead to random walk diffusion. These eddies fluctuate with a correlation
time At ~ /RL, /v, and a size Ax ~ p; (roughly), and they are strong enough
to cause particles to random walk a distance comparable to the eddy size every
At. The resulting random walk diffusion coefficient is

N (Az)? 2 Ut

2Nt Npi,/RLp

Energy confinement time ~ time to diffuse to wall, a® = D27,

_a? a*\/RL, a a®> a°B?
"TT9D p2 vy vy p2 T3/2

/10

Confinement improves in
larger machines and
stronger magnetic field,
degrades at higher
temperature.

How fast particles
would be lost without

magnetic field. ~10°
in ITER
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Simple picture of reducing turbulence by
negative magnetic shear

Particles that produce an eddy tend to
follow field lines.

Reversed magnetic shear twists eddy in a
short distance to point in the " good
curvature direction".

Locally reversed magnetic shear naturally
produced by squeezing magnetic fields
at high plasma pressure: " Second
stability" Advanced Tokamak or
Spherical Torus.

No Magnetic Shear

Shaping the plasma (elongation and
triangularity) can also change local
shear

"Normal" Magnetic Shear
(in std tokamaks)

Advanced Tokamaks

Fig. from Antonsen, Drake, Guzdar et al. Phys. Plasmas 96

| Negative Magnetic Shear
Kessel, Manickam, Rewoldt, Tang Phys. Rev. Lett. 94

“Normal” in stellarators



Fascinating Diversity of Regimes in Fusion Plasmas.
What Triggers Change? What Regulates Confinement?

TFTR

« Two regimes with very different confinement
for similar initial conditions and neutral beam heating

* Access depends on plasma heating and reducing
current density on axis

* Can we attribute a difference in turbulence to these
two different confinement regimes?

NB power High

Low

Transition
time u

Pressure (MPa)
O - N W A
I

20 3.0 2.0 3.0 %
Major Radius (m) PHVSICS RBORATORY

R. Nazikian et al.



Transition to Enhanced Confinement Regime is Correlated
with Suppression of Core Fluctuations in TFTR

» Theory predicts fluctuation suppression
when rate of shearing (mwg,g)

exceeds rate of growth (v;,,)

 Qutstanding issue:
Is suppression accompanied by
radial decorrelation?

ICA?/?&_. O O
sy Coe

« Similar suppression observed on JET (X-mode reflectometer)
and DIII-D (FIR Scattering)

Hahm, Burrell, Phys. Plas. 1995, E. Mazzucato et al., PRL 1996. %::&:Es"::n?:émn:v

R. Nazikian et al.



I usually denote the shearing rate as y_ or v,
instead of w ., because it 1s a dissipative process
and isn't like a real frequency. The shearing rate
(in a simple limit of concentric circular flux surfaces)
18

AV

dr

Vs =



All major tokamaks show turbulence can be suppressed w/ sheared
flows & negative magnetic shear / Shafranov shift

(b)
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Synakowski, Batha, Beer, et.al. Phys. Plasmas 1997

0 (b)
25 26 28 29 3 3.1
_ Tlme (s) .
Internal transport barrier forms when the flow shearing rate dv,/dr > ~ the max linear

growth rate y, ™2 of the instabilities that usually drive the turbulence.

Shafranov shift A" effects (self-induced negative magnetic shear at high plasma
pressure) also help reduce the linear growth rate.

Advanced Tokamak goal: Plasma pressure ~ x 2, Py, & pressure? ~ x 4



Turbulence suppression mechanisms really work:
lon Transport level can be reduced to minimal collisional level
IN some cases.

standard with turbulence reduced

"

lon 10 3 experiment
thermal : .
‘ o
diffusion j )

(m?/s)

.. collisional
! « _ theory , .
- - ‘

-

LR
-1
ilill"lii

radius radius
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Fairly Comprehensive 5-D Gyrokinetic Turbulence Codes
Have Been Developed

small scale, small amplitude density fluctuations
(<1%) suppressed by reve.rsgd magnetic shear

Solve for the particle distribution function
f(r,0,0,E,u,t) (avg. over gyration: 6D - 5D)

500 radii x 32 complex toroidal modes (96
binormal grid points)

x 10 parallel points along half-orbits

X 8 energies x 16 v, /v

12 hours on ORNL Cray X1E with 256
MSPs

Realistic toroidal geometry, kinetic ions &
electrons, finite-f electro-magnetic
fluctuations, collisions. Sophisticated
algorithms.

3 most widely used comprehensive codes
all use “continuum’/Eulerian algorithms:

GS2 (Dorland et al.)
GYRO (Candy et al.)
GENE (Jenko et al.)
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Center for the Study of Plasma Microturbulence

Discovery Through Advanced
Computing) Project

« A DOE, Office of Fusion Energy
Sciences, SciDAC (Scientific

« devoted to studying plasma

microturbulence through direct D”’-D

numerical sumulation NATIONAL FUSION FACILITY

SAN DIEGO

* National Team (& 2 main codes):
— GA (Waltz, Candy)

— U. MD (Dorland) MIT

« They've done lots of hard work ... L@ 1




Several DOE “Scientific Discovery Through Advanced Computing” (SciDAC) projects
for fusion energy.

Plasma physics advanced computing also in: astrophysics (Stone: MHD turbulence
and shocks, Spitkovsky: PIC sims of supernova shocks), space physics, solar storms
(Bhattacharjee, Johnson), & Max-Planck/Princeton Center for Plasma Physics.

Cray Titan Supercomputer @ Oak Ridge: World's fastest (Fall, 2012):
300,000 AMD Opteron cores, 19,000 GPUs

20 Petaflops (2x10'6 flop/s ~1/10 human)

$100M, $9M/y electricity



Further Reading for Newcomers to Plasmas

The textbook by Goldston and Rutherford, “Introduction to Plasma Physics”, is aimed at an advanced
undergraduate level, and is a good place to start for those looking for a systematic treatment of plasma
physics. In the back are several chapters that deal with the types of instabilities that drive small-scale
turbulence in tokamaks (including the ITG instability and drift wave instabilities in simple slab geometry).

Wesson'’ s text book, “Tokamaks”, is a nice compendium, and has sections on simple models of plasma
turbulence and transport.

Someday | should write up a more systematic description of the ideas | discuss here about simple pictures of
ITG turbulence mechanisms, subtle effects of critical gradients, and a survey of ways to reduce turbulence.

John Krommes, “The Gyrokinetic Description of Microturbulence in Magnetized Plasmas”, Ann. Rev. of Fluid
Mechanics 44, 175 (2012), http://dx.doi.org/10.1146/annurev-fluid-120710-101223 This is a survey of very
interesting new results in tokamak turbulence. It discusses some cutting-edge research that is quite
complicated, but tries to do so in way that gets some of the main ideas across to a broad audience of
scientists outside of fusion research.

Ph.D. Dissertations are a good place to look for beginners in a field, because they often contain useful
tutorials or pointers to good references in the beginning sections. On the topic of tokamak turbulence, | would
suggest dissertations by my recent students Luc Peterson and Jessica Baumgaertel, which are linked to at
http://w3.pppl.gov/~hammett/papers/. (Granstedt’s thesis is also very good, but has less intro material on
turbulence.)

My second Ph.D. student’ s thesis (Mike Beer 1995) has a good tutorial on the toroidal ITG mode:
http://w3.pppl.gov/~hammett/collaborators/mbeer/afs/thesis.html
Presents a tutorial on fundamentals and physical pictures of ITG mode, and the first comprehensive 3D
gyrofluid simulations (gyrofluid equations include models of FLR & kinetic effects like Landau damping) of
ITG and TEM turbulence in realistic toroidal geometry. Documents the important role of turbulence-
generated zonal flows in saturating toroidal ITG turbulence, and the major reduction of ITG turbulence by
using a proper adiabatic electron response that does not respond to zonal electric fields with £,=0 (also
shown in slab limit in Dorland’ s earlier thesis).
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ITG Turbulence References

Early history:
— slab eta_i mode: Rudakov and Sagdeev, 1961
— Sheared-slab eta_i mode: Coppi, Rosenbluth, and Sagdeev, Phys. Fluids 1967
— Toroidal ITG mode: Coppi and Pegoraro 1977, Horton, Choi, Tang 1981, Terry et al. 1982, Guzdar et al.
1983... (See Beer’ s thesis)

Romanelli & Briguglio, Phys. Fluids B 1990

Biglari, Diamond, Rosenbluth, Phys. Fluids B 1989

These two are detailed analytic papers on ITG dispersion relations and mixing-length estimates of turbulent
transport. The Biglari et al. paper shows some interesting tricks for manipulating the plasma dispersion
function Z (used also in Beer’ s thesis).
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More ITG References (2)

Online links to some of these papers are at http://w3.pppl.gov/~hammett/papers/

Kotschenreuther, Dorland, Beer, Hammett, PoP 1995,

Presents the “IFS-PPPL” transport model, based on nonlinear gyrofluid ITG simulations and linear
gyrokinetic simulations for a more accurate critical gradient. The first transport model comprehensive
enough to successfully predict the temperature profiles in the core region of tokamaks over a wide range of
parameters, including explaining the improved confinement of “supershots” and H-modes relative to L-
modes. Also emphasized the importance of marginal stability effects that make core temperature profiles
sensitive to edge temperature boundary conditions.

Jenko, Dorland, Hammett, PoP 2001
improved, fairly accurate critical gradient for ETG/ITG instabilities, fit to a large number of linear numerical
gyrokinetic simulations (and recovers previous analytic results in various limits)

"Comparisons and Physics Basis of Tokamak Transport Models and Turbulence Simulations”,

Dimits et al, PoP 2000

Detailed cross-code comparisons of gyrofluid and full gyrokinetic codes for ITG turbulence (the “cyclone”
case here is an oft-used benchmark test). Demonstrated that gyrofluid codes had too much damping of zonal
flows and missed the “Dimits” nonlinear shift in the effective critical gradient. (These errors were not large
enough to significantly affect previous predictions using gyrofluid-based models about the performance of the
1996 ITER design.) Later improvements to gyrofluid closures reduce the discrepancies.
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More ITG References (3)

Jenko & Dorland et al, PoP 2000, Dorland & Jenko et al. PRL 2000
discovery that ETG turbulence is much stronger than expected from simple scaling from ITG turbulence,
because of the important difference between the adiabatic species response to zonal flows.

Jenko & Dorland, PRL 2002 http://prl.aps.org/abstract/PRL/v89/i22/e225001

interesting explanation of the differences between ITG & ETG nonlinear saturation levels in various regimes
based on secondary instability analysis, relative importance of Rogers (perpendicular/zonal flow) vs. Cowley
(parallel flow) secondary instabilities.

“Anomalous Transport Scaling in the DIlI-D Tokamak Matched by Supercomputer Simulation”,

Candy & Waltz, PRL 2003, htips://fusion.gat.com/THEORY/images/e/e7/Candy-PRLO3.pdf
One of the first comprehensive simulations by the GYRO code, similar to the Kotschenreuther-Dorland
continuum gyrokinetic turbulence code, but extended from the local limit to consider non-local/global effects
that can break gyro-Bohm scaling.
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Gyrokinetic Turbulence Code References

Below are 3 widely-used gyrokinetic codes for comprehensive 5-D plasma turbulence
simulations. These 3 codes use “continuum” methods with a grid in phase-space,
instead of the random sampling of Particle-in-Cell (PIC) algorithms. These 3 codes
are relatively comprehensive, handling fully electromagnetic fluctuations with a
kinetic treatment of electrons and multiple ion species, collision operators, and
general non-circular tokamak geometries. They are actively being used to compare
with experiments and to understand the underlying physics of the turbulence.

— GS2 (Kotschenreuther & Dorland, IFS/Texas & Maryland) the first fully electromagnetic
nonlinear gyrokinetic code, optimized for the small p. thin-annulus / flux-tube local limit, and
can also handle stellarators: http://gyrokinetics.sourceforge.net/

— GENE (Jenko et al., Garching) similar to GS2 originally, extended to non-local/global
effects like GYRO, and for stellarators: htip://www.ipp.mpg.de/~fsj/gene

— GYRO (Candy and Waltz et al., General Atomics), inspired by GS2, but extended to non-
local global effects that can break gyro-Bohm scaling: http://fusion.gat.com/theory/Gyro

— There are several PIC codes that have also been used to study aspects of tokamak
turbulence with various levels of approximation, including GEM, ORBS5, GTS, GTC, XGC,
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Fusion performance depends sensitively on confinement

I I I I I I I T I I I T I I I T

20 .
N o | 2
Sensitive dependence on g i |
turbulent confinement causes 0O ™ —
some uncertainties, but also 2 [ ]
gives opportunities for ‘?'3' i ]
significant improvements, if T - .
methods of reducing E 10 |
turbulence extrapolate to (;D R 1
larger reactor scales. o I |
= i |
8 5[ ’

>
Z i |
1 i i
dw 1% & I R B S B
— =P, + P —— 0% 0.2 0.4 0.6 0.8 1

dt T,

Normalized Confinement Time Hy, = te/tepirical

Caveats: best if MHD pressure limits also improve with improved confinement.
Other limits also: power load on divertor & wall, ...



| turbulence & 1 B could significantly improve fusion
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Coal, Nuclear?
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Net Electric Power (MW)

(Relative cost estimates in Galambos et al.
study, see ARIES studies for more detailed &
lower costs estimates, including potential
engineering advances)

From Galambos, Perkins, Haney, & Mandrekas 1995 Nucl.Fus. (very good), scaled to match ARIES-AT
reactor design study (Fus. Eng. & Des. 2006), http://aries.ucsd.edu/ARIES/



| turbulence & 1 3 could significantly improve fusion

Improved confinement factor H helps
even in very large reactor-scale devices.
(Have to increase H & f together.)

TH g 1\ F)fusion OLV&/Op
VI 1&
YVPPEVT dpLwE

(Relative cost estimates in Galambos et al.
study, see ARIES studies for more detailed &
lower costs estimates, including potential
engineering advances)
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FIG. 4. Minimum COE steady state reactor parameters ver-
sus the net electric output. Cases are shown for three physics
levels: (a) present day levels that would be sustainable in a
non-transient manner in a conservatively designed system (H <
2,8y € 2.5), (b) moderately improved physics (H < 3,8n < 4)
and (c¢) advanced physics (H < 4,8n < 6.

Galambos, Perkins, Haney, & Mandrekas 1995 Nucl. Fus. 54



Fusion Reactors benefit from improving
Confinement Time and Beta limits simultaneously
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Galambos, Perkins, Haney, & Mandrekas 1995 Nucl. Fus.
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